In this study we determined the stress regime acting along the East Anatolian Fault Zone between Turkoglu (Kahramanmaras) and Celikhan (Adiyaman), from the Neocene to present-day, based on the inversion of striations measured on faults and on the focal mechanisms of earthquakes having magnitudes greater than 5.0. The inversions yield a strike-slip stress regime with a reverse component (i.e., transpression) operative in the Neocene to present with a consistent N-to NW-trending σ 1 axis 156 ± 11
Introduction
Africa-Eurasian convergence and the Arabia-Eurasia collision zones profoundly influence the eastern Mediterranean tectonic framework (Fig. 1) . Continental collision is responsible for the thickening of the crust in eastern Turkey and compressional deformation along Bitlis Suture Zone (BSZ in Fig. 1 ) (Dewey et al., 1986; Keskin, 2003; Zor et al., 2003) . Sandvol et al. (2003) pointed out that there is no significant crustal thickening but there is a significant dipping sub-Moho structure along the East Anatolian Fault Zone (EAFZ). They also showed the presence of an apparent crustal low velocity zone within the Anatolian subplate. Continental collision also has occurred along the leftlateral EAFZ, between the Anatolian block and the Arabian plate. The EAFZ was first described by Allen (1969) and mapped by Arpat and Saroglu (1972) , Seymen and Aydin (1972) , Arpat and Saroglu (1975) , Saroglu et al. (1992) , and Imamoglu (1993) . It is a belt of active seismicity and tectonics that joins the eastern end of another major Anatolian fault, the right-lateral North Anatolian Fault Zone (NAFZ), at Karliova, extending to the Amik Basin near Antakya (Arpat and Saroglu, 1972; Perincek and Cemen, 1990; Saroglu et al., 1992; Over et al., 2004a) or to the Gulf of Iskenderun (McKenzie, 1972; Jackson and McKenzie, 1988) . The NAFZ runs approximately 1400 km from its interaction with the EAFZ in the east to the northern Aegean Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
in the west. The NAFZ and EAFZ are two of the most active continental transform fault zones in the world and constitute high-risk zones in Turkey (McKenzie, 1972; Sengor, 1979; Dewey and Sengor, 1979; Bellier et al., 1997) . The NAFZ has generated a systematic westward migration of large earthquakes since the 1939 Erzincan catastrophic event; conversely, the EAFZ has been relatively quiescent, with only three large events in the last century (Ambraseys, 1989) . However, seismic records suggest that the EAFZ has accumulated significant stresses along its length. observed a difference in the seismogenic thickness between the NAFZ and EAFZ. These Anatolian fault zones contribute to the westward movement of the Anatolian block that resulting from the northward drift of the Arabian plate. Although the Anatolian-domain fault kinematics and stress-regime history are poorly known, especially along the EAFZ, the Late Cenozoic stress regimes of western Anatolia (e.g., Angelier et al., 1981; Zanchi and Angelier, 1993) , the central NAFZ (e.g., Bellier et al., 1997; Ozden et al., 2002) , and the southern part of the EAFZ in the Kahramanmaras-Adana-Antakya area (Lyberis et al., 1992; Over et al., 2002 Over et al., , 2004a are relatively well understood.
In this paper, we discuss measured fault-slip vectors and seismic fault-slip inversions in order to determine the paleoand present day-stress regimes and their tectonic implications along the EAFZ between Turkoglu (Kahramanmaras) and Celikhan (Adiyaman). Yalçın, 1979; Imamoglu, 1993; Ulu, 2002 and Bilgic 2002) . Stars and numbers indicate the locations of the fault slip measurement sites.
The East Anatolian Fault Zone

Geological setting
The neotectonic regime of Turkey is mainly controlled by the continuing northward motions of the African and Arabian plates with respect to Eurasian plate, which began in the Middle-Late Miocene and resulted in the westward extrusion of the Anatolian block along the North and East Anatolian fault zones (McKenzie, 1972; Dewey and Sengor, 1979; Sengor and Yilmaz, 1981; Jackson and McKenzie, 1988) . The EAFZ begins at the Karliova triple junction and extends to the southwest for about 600 km until it reaches another triple junction at the Amik basin, near Antakya (Over et al., 2004c) . The translation rates of these plates are actually well constrained by GPS measurements throughout the region (Reilinger et al., 1997; McClusky et al., 2000) , and the 18-to 25-mm/yr northward motion of the Arabian plate results in a 9 mm/yr left-lateral motion along the EAFZ (McClusky et al., 2000) . This major fault consists of several local parallel and sub-parallel, left-lateral strike-slip faults with considerable normal and reverse components. Based on the strike of the segments, the EAFZ should consist of six segments (Saroglu et al., 1992) ; however, Hempton et al. (1981) defined only five segments based on geometry and behavior, while Barka and Kadinsky-Cade (1988) , based on fault geometry and seismic activity, suggested that there may be 14 different segments along the EAFZ. The segment between Turkoglu and Celikhan has experienced earthquake events on March 2, 1893 (M = 7.1, 45 km), December 4, 1905 (M = 6.8, 38 km) , and most probably on March 28, 1513 (M = 7.4, 103 km) (Ambraseys and Jackson, 1998; Nalbant et al., 2002) .
The study area, which is the southeast Anatolian orogenic belt, comprises different tectonic units with various lithological sequences (Fig. 1) . Upper Paleozoic carbonate and clastic rocks and Jurassic-Cretaceous limestone (Taurus units) occur in the west of the Amanos Fault, the western part of the study area. The eastern part of the study area consists of a nappe region in the north and an imbricated zone and Arabian platform in the south (Yilmaz, 1993) . The nappe region comprises an upper nappe consisting of the Paleozoic-Triassic Malatya Metamorphites, and a lower nappe of Upper Cretaceous ophiolites and associated rocks and the Middle Eocene Maden Group that unconformably underlies the Upper Cretaceous ophiolites and Precambrian-Upper Triassic Puturge Metamorphites (Yazgan and Chessex, 1991) . The zone of imbrications consists of a number of imbricated thrust slices with a southerly vergence (Yilmaz et al., 1987; Yilmaz, 1990; Karig and Kozlu, 1990) . Rocks in the thrust slice range in age from Late Cretaceous to Early Miocene (Yilmaz, 1993) . The Arabian Platform in the study area comprises, from bottom to top, Triassic-Cretaceous pelagic limestone, radiolarite, chert, clastic rocks, volcanic rocks and local ophiolitic sheets, Upper Cretaceous clastic and carbonate rocks, Upper Paleocene-Eocene volcanic and sedimentary rocks, Eocene clastic rocks and neritic limestone, Upper Eocene-Lower Miocene volcanic and sedimentary rocks, Lower Miocene clastic rocks and neritic carbonates, Middle-Upper Miocene neritic carbonates, and continental clastic rocks. Plio-Quaternary neotectonic continental rocks uncomformably overlie these older rock units.
The age of the EAFZ is highly controversial, with pro- posals of Late Miocene-Early Pliocene (Sengor et al., 1985; Dewey et al., 1986; Hempton, 1987; Arpat and Saroglu, 1972; Perincek and Cemen, 1990; Lyberis et al., 1992) , Late Pliocene (Saroglu et al., 1987; Saroglu et al., 1992) , 1.8 Ma (Yurur and Chorowicz, 1998) , 3 Ma (Westaway and Arger, 1998) and 4 Ma (Westaway, 2003) . Our field observations show that the EAF developed after a folding-thrusting deformation event that operated until at least the Pliocene. Normal faults observed in the Upper Miocene continental deposits are situated in front of the E-W-striking N-to-S upthrusts ( Fig. 2(a) -(e)). This deformation style can be considered as evidence of the extension in front of the Late Miocene thrust belt. Upper Cretaceous ophiolitic rocks have been thrust onto an unconsolidated continental red conglomerate of probable Plio-Quaternary age at a site 10 km southeast of Golbasi ( Fig. 2(a) ). This south-vergent retrocharriage deformation type (or back-thrust faults) indicates a transpressive/compressive regime, with N-S shortening during PlioQuaternary time. The deformation style of the EAFZ has been related to folding, thrust faulting (Figs. 3(a)-(b)), and strike-slip and normal faulting (Fig. 4(a) Lyberis et al. (1992) suggested that dominant structures occurring between Kahramanmaras and Golbasi are thrusts, involving the Mesozoic, Eocene and Neocene formations. In actuality, the deformation styles related to the pre-Plio-Quaternary folding-thrusting tectonics are widespread in the area between Turkoglu (Kahramanmaras) and Celikhan (Adiyaman). For example, the EAFZ cuts Upper Cretaceous folded sedimentary rocks comprising alternating limestone-marl-clay that is unconformably underlain by Plio-Quaternary deposits (Figs. 2(a), 3(b)) at site 7 to the north of Pazarcik. The axes of these recumbent folds are oriented N-S. Eocene limestone is thrust over (Nacar overthrust; Yalcin, 1979) an Upper Miocene alternation of conglomerate-sandstone-mudstone in the northern block of the EAFZ south of Sakarkaya village to the west of Golbasi ( Fig. 2(b) ). Some similar overthrusting is present in the Triassic-Cretaceous units ( ( Fig. 2(c) ). All of these compressional structures have been cut by the EAFZ. For example, the Malatya Metamorphites nappe that was emplaced in the Late Miocene (Yilmaz, 1993 ) of this region is cut by the EAFZ near Celikhan ( Fig. 2( Imamoglu (1993) .
Seismicity
Both historical and instrumental records reveal that the study area has been affected by destructive earthquakes for almost 2000 years (Willis, 1928; Sieberg, 1932; Ergin et al., 1967; Ambraseys, 1970 Ambraseys, , 1989 Soysal et al., 1981; Orgulu et al., 2003; Turkelli et al., 2003) . This area is also known from historical catalogues to have been seismically active (Poirier and Taher, 1980; Ambraseys and Barazangi, 1989; Ambraseys and Melville, 1995) . The distribution of earthquakes along the major fault sytems of Turkey is controlled by the relative motions of the Eurasian (e.g., represented by the Anatolian block), African, and Arabian plates. However, despite its high historical seismicity, the EAFZ has been characterized by low seismicity during the past century (Jackson and McKenzie, 1988; Ambraseys and Jackson, 1998 ). The EAFZ is segmented, with different segments having different expressions (Hempton et al., 1981; Barka and Kadinsky-Cade, 1988; Saroglu et al., 1992) . The segment between Turkoglu (Kahramanmaras) and Celikhan (Adiyaman) was largely formed by the largest of the known historical earthquakes, which occurred in the study area on November 29, 1114 (M > 7.8), March 28, 1513 (M > 7.4), and March 2, 1893 (M > 7.1) (Fig. 5) (Ambraseys and Jackson, 1998; Nalbant et al., 2002) . A deployment of a dense seismic network revealed that the seismic activity in Eastern Turkey is higher than previously observed and that the major events may originate in the lover crust (H > 20 km) . Figure 5 is a seismotectonic map showing the major fault systems and earthqauke epicenters (both instrumental and historical) in the area. Table 3 is a list of some selected earthquakes. The most destructive earthquake recorded since 1900 was on December 4, 1905 (M > 6.8) and caused a 38-km-long surface rupture in the northern end of the present study area . Seismotectonic map of the study area and vicinity, and focal mechanisms of shallow earthquakes (references are given for each earthquake in Table 3 ). Plots show nodal planes and slip-vector arrows on the preferred seismic fault planes (arrows point in the direction of the horizontal azimuth of the slip vector); the preferred seismic planes were selected on according to the method of Carey-Gailhardis and Mercier (1987) . Numbers outside the beach balls refer to the focal-mechanism labels given in Table 3 . (Nalbant et al., 2002) . Despite its high historical seismicity, the current low seismic activity (during the instrumental period) and several geomorphological and structural features (e.g., offset streams, young fault scarps, linear fault lines, triangular facets, and displaced alluvial deposits) indicate active strike-slip faulting along the EAFZ (Saroglu et al., 1992; Cetin et al., 2003) . In fact, based on the Coulomb stress-modelling technique, Nalbant et al. (2002) indicated a potential hazard along the segment that was ruptured by the November 29, 1114 (M > 7.8) and March 28, 1513 (M > 7.4) earthquakes between Kahramanmaras and Malatya (Fig. 5) . According to authors, the possible future event could be at a magnitude (Mw) of 7.3 or larger.
Fault-Kinematics Analysis
We used the inversion method for fault-kinematics data, as proposed by (Carey, 1979) , to compute the directions of compression (σ 1 ) and extension (σ 3 ). For this, we used major and minor fault planes along which significant movement (easily visible at the map or outcrop scale) has occurred. The methodology of fault-kinematics analysis to determine paleostress fields which were active during Late Cenozoic stress states has been applied in a number of tectonically active regions (e.g., Angelier et al., 1981; Sebrier et al., 1988; Mercier et al., 1989 Mercier et al., , 1991 Bellier and Zoback, 1995; Bellier et al., 1997; Ozden et al., 2002; Over et al., 2002 Over et al., , 2004a . Being aware of the limitations of such a method with respect to non-coaxial strains, we implicitly linked the calculated stress direction with the principal strain axes-more properly, the horizontal compressional and extensional directions. On the other hand, the method used in this study allows elucidation of the tectonic regime, with the deviatoric stress ratio "R" defined by the formula [R = (σ 2 − σ 1 )/(σ 3 − σ 1 )], which describes the relative stress magnitudes of the calculated mean deviatoric stress tensor. The R ratio is a linear quantity, and σ 1 , σ 2 , and σ 3 are, respectively, the compressional, intermediate and extensional deviatoric stress axes. The validity of the stress ratio is confirmed through histograms of the differences between a predicted slip vector (maximum shear, τ ) and the measured striation (s) (e.g., Carey, 1979; Angelier, 1984) . This inversion method has been based on computing a mean best-fitting deviatoric stress tensor from a set of striated faults by minimizing the angular deviation between a predicted slip vector (maximum shear, τ ) and the measured striation (s) (e.g., Carey, 1979; Angelier, 1984) .
The present-day stress regime was determined from the population of focal mechanisms of earthquakes that have occurred in the whole area. We used the inversion statistical method proposed by Carey-Gailhardis and Mercier (1987) , which allows calculation of the best-fitting mean stress state from a population of focal mechanisms by selecting one of two nodal planes as the seismic fault plane; this is one of several existing algorithms (Vasseur et al., 1983; Gephart and Forsyth, 1984; Angelier, 2002) . The selection can be made by using computer analysis, from co-seismic rupture, or from the spatial epicenter distribution of the aftershock sequence. Indeed, one of the focal-mechanism solutions (i.e., nodal planes) is the seismic fault-slip vector, which is in agreement with the principal stress axes. It is possible to compute the seismic fault slip following the model proposed by Bott (1959) . This method requires knowledge of the seismic slip vectors and, consequently, the selection of the preferred seismic fault plane from each pair of nodal planes. This selection is possible by computation: one of the two slip vectors of a focal-mechanism solution is the seismic slip vector in agreement with the principal stress axes. For this slip vector, a stress ratio is computed (R), such that 0 < R < 1. If one of the two nodal planes satisfies these conditions, the other does not satisfy it, unless the two nodal planes intersect each other along a principal stress axis (Carey, 1979) . The results of the stress inversion are generally considered to be reliable if 80% of the deviation angles (angle between the calculated slip vector "τ " and the striation "s") are less than 20
• . Note that the state of stress obtained from a set of earthquake focal mechanisms leads to wellconstrained evaluation of the regional stress state, which is in agreement with the state of stress deduced from inversion of the striation measurements on fault planes (Mercier et al., 1991; Bellier et al., 1997; Ozden et al., 2002; Over et al., 2004a) .
Results of Fault-Kinematics Analysis
Late Cenozoic stress regime
We have performed fault-kinematics analysis at selected sites along the East Anatolian Fault Zone between Turkoglu and Celikhan. Fault-slip measurements from the studied sites are given in Fig. 1 , and the location (latitude and longitude) of each site and the ages of the faulted formation from which striae were measured are given in Table 1 . The results based on the inversion of slip vectors, measured on fault planes of various scales which affect Neocene and Quaternary deposits as well as Mesozoic bedrocks, yield a strikeslip stress regime characterized by NNW-SSE (σ 1 ) and ENE-WSW (σ 3 ) stress axes. The inversion results demonstrate strike-slip faulting for all kinematic sites shown in Fig. 6 . This regime has produced the left-lateral motion of the major East Anatolian fault. The results of the inversion of all the fault-slip vector datasets belonging to the leftlateral deformation stage correspond to the σ 1 and σ 3 directions shown on the simplified tectonic map of the study area (Fig. 7) . The calculated mean deviator of the Fisher statistics yields a regionally significant stress state characterized by a σ 1 axis trending 156 ± 11
• and a σ 3 axis of 67 ± 9
• , and having plunges of 4
• and 1 • , respectively (Table 2 ; Fig. 6 ; note that the quoted azimuthal errors of 11
• and 9
• correspond to the radius of the 95% cone of confidence of Fisher statistics).
The stress ratio defines the shape of the stress ellipsoid. To compare R-values of distinct stress deviators in terms of stress-magnitude variation, it is necessary for the compared stress deviators to be coaxial (i.e., they must have the same principal axis directions) in order to be represented on a Mohr's circle. A discussion of the stress-ratio significance in interpreting inversion results was presented by Bellier and Zoback (1995) . As defined above, the R-value varies between two end-member uniaxial stress states; that is R = 0 when σ 2 = σ 1 , and R = 1 when σ 2 = σ 3 . In a strike-slip-faulting stress regime (where vertical stress σ v = σ 2 , maximum horizontal stress σ H max = σ 1 , and minimum horizontal stress σ H min = σ 3 ), the R = 0 end member corresponds to a stress state transitional to normal faulting (extensional regime), in which σ H max = σ v , whereas the R = 1 end member represents a stress state transitional to thrust faulting (compressional regime), in which σ H min = σ v . For R-values close to 0 or to 1 (e.g., 0.85 < R < 1 and 0 < R < 0.15), the near-transitional stress states require only minor fluctuations in stress magnitude to change from strike-slip to normal faulting or to thrust faulting. Thus, such deformations are characterized by mixed modes of faulting: dip-, oblique-and strike-slip. For triaxial deviators, R-values higher than 0.55 represent transpressional strike-slip regimes in which σ 2 is tensional, whereas R-values lower than 0.45 correspond to transtensional regimes in which σ 2 is compressional (Figs. 6, 7 ; Table 2).
In this study, the calculated R values are higher than 0.55 for sites 1-2, 4, 5-6, 8, 9, 10-12, 17-18 , and 20, corresponding to transpressional strike-slip regimes in which (2 is tensional; they are less than 0.45 for sites 3, 7, 13, 14, 15, 16, 19, 21-22, and 23-24 , corresponding to transtensional strike-slip regimes in which σ 2 is compressional (see Methodology section). Unfortunately, we observed no structural evidence that would allow the two different stages to be distinguished within the strike-slip regime. However, based on slip-vector inversion and relative chronologies among striations, Over et al. (2002 Over et al. ( , 2004a observed and distinguished old transpressional and young transtensional stress regimes along the southern part of East Anatolian Fault between Turkoglu and Antakya.
Present-day stress regime
Available focal mechanisms for earthquakes of magnitudes greater than M = 5.0 for the period between 1964 and 2004 are shown in Fig. 5 . We have used eight mechanisms, corresponding to the events located within the study area and vicinity (provided by Buyukasikoglu, 1980 , Taymaz et al., 1991 , and the Harvard CMT catalogue Fig. 6. Lower-hemisphere stereoplots show strike-slip fault data measured in the study area and the results obtained using Carey's (1979) inversion method, as given in Table 2 . Labels to the left of the stereonets refer to sites shown in Fig. 1 and listed in Table 1 . The results include deviatoric stress parameters shown by diamonds (σ 1 ), triangles (σ 2 ) and squares (σ 3 ). Histogram shows distribution of deviation angles (angle between the observed slip, s, and the predicted slip, τ ).
(www.seismology.harvard.edu/CMTsearch)) ( Table 3 ). The inversions of focal mechanisms yield a strike-slip stress deviator characterized by an approximately N-S (N1(W)-trending σ 1 and an approximately E-W (N89(E)-trending σ 3 axis for the area between Turkoglu and Celikhan (Fig. 8) .
The computed stress ratio (R-value) is 0.715, indicating that this stress regime is transpressional; i.e., the intermediate stress axis (σ 2 ) is tensional. The compressional structures were observed both in this and previous studies (e.g., Yalcin, 1979; Lyberis et al., 1992; Chorowicz et al., 1994) . Nevertheless, Over et al. (2004a, b) suggested that the present-day stress regime is transtensional in the southern part of the EAFZ between Turkoglu and Antakya. Indeed, both the inversions of the fault slip-vectors recorded by brittle deformation and the seismic fault slip deduced from the earthquake focal mechanisms lead us to conclude that the regionally significant recent-to-present-day stress regime is one of strike-slip faulting. This stress regime is consistent with the N-to NW-trending σ 1 and the E-to NEtrending σ 3 axes that produce left-lateral motion along the EAFZ (Figs. 5, 8 ; Table 3 ). The N-to NNE-σ 1 axis direction related to transpression (i.e., strike-slip to oblique-reverse) was probably responsible for the compressional structures observed both in this and previous studies (e.g., Lyberis et al., 1992; Chrorowicz et al., 1994; Yalcin, 1979) , as indicated by earthquake focal mechanisms. Thus, six of the eight mechanisms have strikeslip motion with reverse components (events no.: 1, 2, 3, 4, 5 and 7; see Figs. 5, 8;  Table 1 , and results of the stress axes given in Table 2 . Lower-hemisphere stereoplots of earthquake slip data with present-day principal stress directions computed from the focal mechanisms of earthquakes shown in Table 3 . See caption for Fig. 6 .
Discussion and Conclusions
The Neocene stress regime operating in the study area has a strike-slip character with a reverse component (i.e., transpression). This regime seems to be continuing, as indicated by inversions of focal mechanisms of earthquakes greater than 5.0 in magnitude (Fig. 8) . This regime, consistent with NNW-trending σ 1 and ENE-trending σ 3 axes, produces left-lateral motion along the EAFZ and was probably responsible for the Mio-Pliocene compressional structures observed in the study area. The R-values obtained from inversion show that some results (sites 1-2, 4, 5-6, 8, 9, 10-12, 17-18 and 20; see Table 2 ; Fig. 7 ) are higher than 0.55, indicating a transpressional regime (strike slip with a reverse component), whereas some are less than 0.45 (sites 3, 7, 13, 15, 16, 19, 21-22 and 23-24; see Table 2 ; Fig. 7) , indicating a transtensional strike-slip regime (strike slip with a normal component) (see Methodology section). Note that our observations show that compressive features are more remarkable than extensional ones throughout the study area and that the left-lateral EAFZ developed during and/or after a folding-thrusting deformation stage since (at least) the Pliocene. However, we have gathered no structural evidence in the field that would indicate a change in these distinct strike-slip regimes. Significantly, Over et al. (2002 Over et al. ( , 2004a , based on slip-vector inversion and relative chronologies among striations, observed and distinguished old transpressional and young transtensional stress regimes along the southern part of the East Anatolian Fault between Turkoglu and Antakya. They also determined that the transtensional stress regime, which is regionally significant, is continuing. The transtensional tectonic stress regime seems to affect a large area (Robertson et al., 1991; Kempler and Garfunkel, 1994; Bellier et al., 1997; Over et al., 2002 Over et al., , 2004a , implying that the lithosphere of the Anatolian block is subjected to extension (Chorowicz et al., 1999) . These compressive structures (i.e., thrust faulting, folds etc.) obviously belong to primary stage of the continental collision but are still active with lesser importance in the Eastern Anatolian plateau (Orgulu et al., 2003) .
The stress regime determined here probably resulted from several coeval influences on the geodynamic context of the region: Arabian/Anatolian continental collision in the east, African/Anatolian subduction in the south-southwest (i.e., along the Cyprus Arc), and westward extrusion of the Anatolian block.
